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Abstract

Although recent studies have shown a positive association of exposure to ultrafine particulate matter (PM) with
adverse effects on human health, it is not yet clear which PM components or properties of these particles may
cause these responses. In the context of human exposure, depending on ventilation and air exchange ratios and il
the absence of major indoor sources, an appreciable fraction of the indoor ultrafine aerosol is of outdoor origin.
This study examined volatility of penetrating ultrafine outdoor particles, predominantly from freeway emissions,
into indoor environments where other particle sources were minimized and no cooking activities took place. A
tandem differential mobility analyzer (TDMA) system was used to study particle volatility at two apartments, 15
and 40 m downwind of the I-405 Freeway in Los Angeles, CA. The first differential mobility analyzer (DMA)
selected particles of a certain diameter and subsequent heating of this monodisperse aerosol allowed for detectior
of changes in particle diameters by measuring the resulting size distribution with a second DMA. Aerosol volatility
was examined by measuring changes in particle diameters as well as volume and number concentrations. Results
suggest that outdoor particles are more volatile than indoor aerosols. Increasing temperature from ambient to
130°C decreased and broadened indoor and outdoor aerosol mode diameters, however greater mode decrease
were observed for outdoor particles. Furthermore, outdoor particles lost more of their volume upon heating than
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indoor aerosols. No significant particle losses due to volatilization were observed @tfé0 either indoor or
outdoor aerosols. A greater number of outdoor than indoor particles was lost &€ 1H@ated outdoor particles

with diameters greater than 45 nm showed bi-modal distributions, indicating that some of the aerosol is composed
of primarily non-volatile particles, whereas the remaining particles are composed of mainly volatile material and
consequently shrink. Evaluation of outdoor particle volatility as a function of distance to the freeway revealed that
aerosol volatility decreases with increasing distance from the source.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Epidemiological studies have shown a positive association of exposure to ultrafine particulate mat-
ter (PM) with effects on human health (elQonaldson et al., 2002; Li et al., 2003; MacNee and
Donaldson, 2008 It is, however, not yet clear which chemical particle components or physical—
morphological properties cause these adverse effeletsiéon and Yin, 2000

Elevated ultrafine particle concentrations have been reported near major higiivayet @l., 2002,
where many urban residents live. These residents may be exposed to potentially harmful ultrafine particles.
Because people spend most of their time indodesiKins et al., 1992it is of interest to study transfor-
mation of outdoor aerosols after they penetrate into buildings. Particle volatility must be considered when
evaluating penetration of outdoor particles indoors. Volatile aerosols of outdoor origin may decrease in
size or evaporate entirely as they penetrate into indoor environments. During the colder period of the year,
the indoor environment is typically warmer than the outdoors, therefore partial evaporation may occur
slowly as the aerosol reaches indoor temperatures. However, heating is not the only way volatile material
is evaporated from ultrafine PM. Dilution of volatile gases at increased distance from the freeway will
cause the smaller particles in the ultrafine size range to shrink by evapo#immy et al., 2004 Dilution
of volatile material in the gas-phase caused by adsorption in buildBiggé€r et al., 200dmay play a
major role in evaporation from particles indoors. The smaller the particles the faster the evaporation due
to the Kelvin effect. The resulting physical and chemical changes of outdoor particles will likely affect
their toxicity and are important metrics in the development of fundamental understanding of the toxicity
of PM originating from vehicular emissions. Recent emissions testing in either dynamoaiterdi
et al., 2003aSakurai et al., 2003kor on-road testing facilities{jttelson et al., 200%4has shown that,
depending on vehicle type, age and ambient conditions, over 90% of the particles by number and 10-30%
by mass consist of more volatile material than others (known as semi-volatile), and upon heating, will
partially evaporate.

For a better understanding of semi-volatile behavior of ultrafine PM a tandem differential mobility
analyzer (TDMA) system can be uselader and McMurry, 1986 The first differential mobility an-
alyzer (DMA) is used to select particles of a certain mobility diameter. Subsequent heating of these
monodisperse particles allows for detection of changes in particle diameters by measuring the result-
ing size distribution with a second DMA. For example, TDMA systems have been used to measure the
volatile sulfuric acid fraction of marine boundary layer aeros@ssini et al., 1999 These systems
also measured the non-volatile carbonaceous fraction of particles in differently polluted urban and rural
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environmentsRhilippin et al., 200% In addition, TDMAs have been used to determine the mixing state
of volatile and non-volatile components in carcinogenic diesel exhaust particles in dynamometer studies
(Sakurai et al., 2003a

This study was carried out together with experiments present2dogt al. (2004)which focused on
ultrafine particle size distribution and penetration efficiencies into indoor environments. In this study, we
analyzed the volatility properties of freeway-generated particles. Measurements of the volatile fraction of
both outdoor and indoor aerosols were performed using a TDMA in apartments close to the 1-405 freeway
in Los Angeles, CA. This study allowed for the examination of the external and internal mixing of volatile
and non-volatile components of ultrafine freeway aerosol, and the determination of how aerosol particles
change when they penetrate into buildings.

2. Methods
2.1. Tandem DMA system

The TDMA system used to measure volatility of particles is showFfign 1. The system was operated
inside an apartment. The two Scanning Mobility Particle Sizers (SMPS, TSI model 3936) consisted of a
bipolar charger (with afi°Kr source), a long DMA (model 3081), and a Condensation Particle Counter
(CPC, TSI model 3022A). The first SMPS (SMPS1) sampled either from outside the apartment or from
inside. SMPS1 was set to select particles of a certain narrow size range. The resulting monodisperse
aerosol was split into two streams. One stream went into the CPC of SMPS1 (control CPC, sample flow
rate of 031 min—1), which measured the concentration of this monodisperse aerosol. The other stream
traveled through a heater unit. After passing through the heater, the conditioned aerosol went through the
second SMPS (SMPS2), which measured its size distribution. SMPS2 was used with a CPC sample flow
rate of 15Imin~—! and a sheath air flow rate of 15| mih

The heater used to condition aerosols consisted of a 50 cm, straight stainless-steel tube with inside and
outside diameters of 5.4 and 6.4 mm, respectively. Part of the tube (40 cm) was wrapped with a 125W
rope heater and insulated with a fiberglass blanket around the tube and the rope heater. Heater dimension
were similar to the system described®ysini et al. (1999)Heater flow rate of 51min—! resulted in a
Reynolds number of 380, indicating laminar flow conditions in the tube, and, therefore avoiding increased
deposition losses associated with turbulent flow. The residence time of particles in the heated section of
the tube was approximately 0.5 s, which is sufficient for volatilization to odosi(i et al., 1999

SMPS1 Control CPC
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Fig. 1. Tandem DMA set-up.
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The heater was thermally insulated by means of polytetrafluoroethylene (PTFE) connectors to upstream
and downstream stainless-steel tubes. While the upstream tube was only 10 cm long, the length of the
downstream tube was 30 cm, which allowed cooling of the aerosol before its introduction into SMPS2.
The total length of this heater assembly was 0.91 m.

The heater was operated at AC voltages between 0 and 50V (using a variable-output transformer)
depending on the desired aerosol temperature inside the heater. The aerosol temperature was measure
using a thermocouple probe at the center of the flow in the tube, introduced through a hole in the side
of the tube just downstream of the heated section. The probe was fixed with epoxy glue and additionally
sealed with silicone. A small thermocouple with wire diameters of 0.13 mm (Type K) was used to avoid
flow obstruction.

Concerns may arise regarding re-condensation or re-nucleation of volatilized vapors when the aerosol
exits the heated section and cools down to ambient temperature. However, when the aerosol is introduced
in the heater the actual vapor pressure of the volatile material (in gas phase) is lower as compared to
ambient conditions. This is because the DMA selects only particles of a certain size and vapors will
only reach the heater by diffusion. Therefore, even after cooling back to ambient temperature, the vapor
pressure in the gas surrounding the particles will be lower than the equilibrium vapor pressure of particles
with volatile material. Under these conditions, the Kelvin effect does not allow re-condensation on the
particles, which have the selected or, if shrunk, a smaller Sakurai et al. (2003ajid not observe
re-condensation or re-nucleation when they measured volatility of diesel exhaust particles, with number
concentrations higher than the concentrations observed during this study, using a similar TDMA design.
Hence, re-condensation or re-nucleation was not expected in this study.

The Aerosol Instrument Manager software (version 5.2, TSl Inc., St. Paul, MN) was used for inversion
of the measured CPC number concentrations to the size distribution. It was assumed that particles did
not lose their charge during heating and evaporation of the volatile fraction, therefore they were still
charged (as by electrostatic size selection by SMPS1) when entering SMPS2. However, some charge
losses might occur before the particles are classified by SMPS2. To account for changes of particle
charges and other size dependent losses, the selected monodisperse aerosol size distribution measure
by SMPS2 at ambient temperature (heater switched off) was integrated to give the total particle number
concentration. These values were compared to the concentration measured by the control CPC. Values
from SMPS2 for diameters between 18 and 90 nm were generally between 40% and 65% of the control
CPC concentrations. These size dependent ratios were then used to correct SMPS2 size distributions fol
heated and unheated aerosols.

2.2. Sample locations and sample schedule

Two two-bedroom apartments, in the vicinity of the I-405 Freeway in Los Angeles, CA were used for
this study. These apartments are in identical buildings with the same interior layouts. The two apartments
(Apt. 1 and Apt. 2) are on the eastern side of the 1-405, and both are on the third floor with windows 3m
above a sound barrier wall. The distances between the wall and Apt. 1 and the wall and Apt. 2 are 15 and
40 m, respectively. The two apartments are separated by approximately 50 m. Both apartments are abou
8 years old with central mechanical ventilation systems that was turned off during all measurements of
outdoor and indoor aerosol volatility in this study.

I-405 runs generally north and south next to the apartment buildings. It has ten lanes near the sampling
location, five northbound and five southbound, and it is about 40 m wide with a 1 m wide median strip
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and two 2 m wide shoulders. The freeway is on the same level as the surrounding terrain of the sampling
site. The apartments lie approximately 6 km to the east of Santa Monica Bay and the Pacific Ocean.
More details of the sampling sites and the meteorological conditions are described in a relatechwork (
etal., 2004.

The study took place from December 2003 to January 2004. Measurements in the two apartments were
performed during the day between 10am and 7 pm. Apt. 1 was sampled for 11 days between December
19, 2003 and January 6, 2004, and measurements in Apt. 2 were completed in 6 days, between Januan
7 and 12, 2004.

2.3. Measurements

The TDMA system was used to sample particles of a fixed diameter at a constant aerosol temperature.
Four to eight SMPS2 scans of 2min length each were used to obtain average size distributions of the
conditioned aerosol. Concurrently, the control CPC measured average number concentrations of the
aerosol selected by SMPS1 with 2-min averaging times. First, measurements at ambient temperature
were performed for aerosols of various diameters, sampled consecutively from outdoor and indoor air.
This was followed by outdoor and indoor measurements of the same particle sizes at one heated aeroso
temperature. This sequence of measurements lasted approximately 3h, and was repeated three time
during the sampling period. This sampling protocol was repeated for an additional aerosol temperature.
In Apt. 1, the particle sizes used for the sampling protocol were 18, 45, and 90 nm. In addition, 27 nm
particles were sampled using a modified protocol, which used two heated aerosol temperatures within
the same sequence of measurements.

For heating, the aerosol temperatures of 60 and®Cl@ere chosen to determine ultrafine particle
volatility. We expected most of the volatile material to evaporate at®’CL(Philippin et al., 200%

The temperature of 60C was selected to represent an intermediate state of volatilization. Additional
temperatures of 90 and 13G were used to create a thermal desorption profile of outdoor aerosol in the
proximity of freeways. Several scans were repeated by DMA2 at each of the temperatures to measure the
temperature dependence of a selected patrticle size.

3. Results and discussion

Figs. 2and3 show typical results from measurements of outdoor particles in Apt. 1 (15m from free-
way). Each figure shows three normalized number size distributions: the first represents the selected
monodisperse aerosol without conditioning (no heating) at ambient temperature; the second shows the
size distribution of the original monodisperse aerosol after heating € 6the third shows the size
distribution after heating to 11. The size distributions were initially normalized using the measured
concentration of the control CPC to account for changes in the ambient particle concentrations. In addi-
tion, the distributions were normalized so that the size distribution of the monodisperse aerosol without
conditioning exhibited a maximum at 1. As expected, these measurements show that the mode diam-
eterdn, of the originally monodisperse aerosol decreases towards a smaller diameter with increasing
heater temperature (mode decrease). The mode also broadens with increasing temperature because n
all particles shrink to the same degree due to differences in their chemical composition.
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Fig. 2. Normalized number size distribution of 27 nm outdoor particles at a distance of 15m from the I-405 freeway at ambient
temperatures 25°C) and after conditioning (heating) at 60 and 200
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Fig. 3. Normalized number size distribution of 90 nm outdoor particles at a distance of 15m from the 1-405 freeway at ambient
temperatures 25°C) and after conditioning (heating) at 60 and 200

The size distribution of ambient 90 nm particles depicts two smaller peaks to the right and the left side
of the major mode. These peaks are caused by the increased probability of doubly charged patrticles at this
diameter YWiedensohler, 1988so that some of the patrticles selected by SMPS1 had a greater size but
carried two elementary charges (resulting in the same electrical mobility). When these particles change
their charge from two to one they are measured as greater particles by SMPS2. Particles that had one
elementary charge in SMPS1 and changed to two charges in SMPS2 are measured as smaller particles
The effect of doubly charged particles was not considered in this work, as they became apparent only in
case of the 90 nm particles, where the effect was still small enough not to contribute significantly to the
modes observed after heating.

The 90 nm aerosol size distribution split into two modes at heater temperature$©fa®@ above,
as can be seen iRig. 3for the curve representing a heater temperature oPC1@ne mode remains
close to the monodisperse mode of the unheated aerosol, while the other mode is at a lower diameter.
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Fig. 4. Mode diameter decreasém as afunction of aerosol conditioning temperature. The error bars for the 45 and 90 nm particles
are standard deviations from four measurements on different days. For 18 and 27 nm particles, only two and one measurements,
respectively, were performed, hence the error bars for these two sizes represent modes widths (at half-amplitude).

This bi-modal distribution indicates that a fraction of the 90 nm aerosol consists of particles that are
composed of almost entirely non-volatile material. This part of the aerosol contributes to the mode close
to the original mode diameter at ambient temperature, not broadened significantly (non-volatile mode).
The particles of the remaining portion contain mostly volatile material and continue to shrink in size with
increasing temperature; they contribute to the mode at smaller diameter, which is significantly broadened
(mostly volatile mode).

3.1. Temperature dependence

To study temperature dependence of the mode decrease more in detail, for particles with diameters of
18, 27, 45, and 90 nm the mode diameter was determined from measurements at aerosol conditioning
temperatures of 30, 60, 90, 110, and 280 The patrticle size to be analyzed by the TDMA was set
manually at SMPS1 and differed from the mode diameter of this monodisperse aerosol measured by
SMPS2 at ambient temperature. After considering temperature and pressure conditions for both SMPS,
the aerosol size measured by SMPS2 was approximately 9% lower than the size set for SMPS1. The reasor
for this difference is not clear, and, in part, it might be due to evaporation of highly volatile material from
the particles between SMPS1 and SMPS2 at ambient temperature. However, it is not believed that this
would be responsible for a 9% decrease in particle diameter, independently from the particle size being
analyzed. Hence, for all results presented in this study, the size of the monodisperse aerosol is reported
as the mode diameter measured by SMPS2 at ambient temperature. Therefore, the modeAlggrease
is 0nm at 30C, considered as ambient temperature for this measurement.

Fig. 4 shows the mode decreasé, as a function of aerosol temperature resulting from these mea-
surements (thermal desorption profile), whatk, is the difference of the measured mode diameter to
the selected particle diameter. In case of bi-modal distributions, the mode decrease of the mostly volatile
mode is shown irFig. 4. The trend observed in this figure shows that for temperatures of up ttC130
the diameter of all particles studied (18—90 nm) is still shrinking without a clear evidence of a plateau
indicating the presence of a non-volatile core. If a non-volatile core exists, its diameter will be smaller
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Fig. 5. Mode diametergm as a function of temperature for 18, 27, 45, and 90 nm Apt. 1 outdoor and indoor particles. Averages
were obtained based on three or four measurements in most cases (only two measurements for 45 nm indoor and outdoor anc
27 nm indoor particles heated to 110). Error bars indicate mode widths at half-amplitude of the average size distribution,
demonstrating mode broadening with increasing temperature.

than that reached by particles at T80 (approximately half the diameter of the respective aerosols at
ambient temperature). Comparison of these results with the mode decrease rep@tdditay et al.
(2003b)for diesel aerosol measured on a dynamometer, reveals a similar profile. However, the mode
diameters decreased more for diesel aerdsakurai et al. (2003b)bserved a leveling off after about
110°C, suggesting the existence of a hon-volatile core for diesel aerosol.

3.2. Comparison of outdoor and indoor volatility

Comparison of particle size distributions of heated outdoor aerosol with size distributions of heated
indoor aerosol reveals that outdoor particles shrink more than indoor particles. This result suggests that
outdoor particles are more volatile than indoor particles, which may be caused by evaporation of some
of the volatile material from the outdoor particles as they penetrate into indoor environinemntdgn
et al. (2003)observed losses of nitrate from particles penetrating a building, which they explained by
dissociation and evaporation and subsequent losses by deposition and sorption to indoor surfaces.

Fig. 5illustrates that outdoor particles are more volatile than indoor particles for all studied diameters.
The difference between outdoor and indoor mode decreases is statistically significafiCafto6@ll
particle sizes and at 12@ for 90 nm particles. The results at 1D seem to be less clear, and are
attributed to less distinct modes at this temperature and the difficulties in determining mode diameters
from the measurements.

The particle number size distributions can be integrated to yield total number concentrations. By
comparing the total number concentrations of heated aerosols to the total number concentration of the
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Fig. 6. Comparison of fractiongy, for outdoor and indoor aerosols at Apt. 1.

aerosol atambient temperature, one could determine whether heating results in particle losses. Normalizec
total number concentrations were obtained by integrating the SMPS size distributions and dividing by
the control CPC average concentrations, and to account for changes in particle number concentration of
the sampled aerosol during the measurements. To evaluate the losses, we defined the pajaméter

ratio of the normalized total number concentrations for heated aerosols to the normalized total number
concentrations of the aerosol at ambient temperature. Similarly, a volume-based paratnheteas

defined as the ratio of the normalized total volume concentrations for heated aerosols to the normalized
total volume concentrations of the aerosol at ambient temperature. Thefiaéoslo,, thus represent the
fraction of the aerosol not lost due to volatilization at a given temperature in terms of number concentration
and volume, respectively.

In most cases, heating did not result in significant particle number losses. Only 18 nm particles heated to
110°C were lower in number concentrations than those at ambient temperature: both indoor and outdoor
particles lost between 50% and 60%. This may be due to complete particle volatilization or shrinkage to
sizes below the CPCs detection limit of 7 nm. Outdoor aerosols of other sizes experienced minor number
losses of about 20%.

Particle volume, used to determine the fraction of volatilized material, was estimated assuming spherical
particles. As indicated by the fractiopg shown inFig. 6, volume losses increase significantly from 60 to
110°C, and are generally higher for outdoor than indoor particles for all sizes tested. This observation is
consistent with the notion that outdoor particles appear to be more volatile than indoor particles. Smaller
particles are also shown to loose more of their volume, indicating that they may be composed of less
non-volatile material.

The bi-modal distribution observed for 90 nm patrticles (showFio 3) and also for 45 nm parti-
cles indicated external mixing of non-volatile and mostly volatile particles. Integration of the number
size distribution over the size range occupied by the non-volatile mode yields the humber concentra-
tion of non-volatile particles. The ratio of this number concentration to the number concentration of
the original mode (integration of distribution at ambient temperature) represents the fraction of non-
volatile particles in the aerosol. For the 90 nm outdoor aerosol (showiging) the ratio is 15%,
while it is 18% for indoor 90 nm patrticles. For 45 nm particles, the number fractions of non-volatile
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Table 1
Outdoor particle mode decreases compared for Apt. 1 and Apt. 2 at 60 aR€110
dp (nm) Adm at Apt. 1 (nm) Adm at Apt. 2 (nm)
60°C 110°C 60°C 110°C
18 —-3.0+0.6 — —-314+09 —-8.7
27 -33+0.7 -128+19 —40+16 —
45 —56+26 —-170+1.3 —-34+04 —159
90 —-6.1+58 —27.7+59 —-40+10 —272+6.0

outdoor and indoor particles are 17% and 15%, respectively. The 18 and 27 nm aerosols each showed
only one mode with its diameter shrinking with increasing temperature. This suggests that particles of
these sizes were, in terms of volatility, only internally mixed and predominantly composed of volatile
material.

The outdoor and indoor aerosol seem to have similar external mixing ratios. If size changes occur in
the mostly volatile part of the aerosol while it penetrates the building, it appears that they do not change
the concentration of these particles in relation to the non-volatile particles. Particles shrinking from 45
or 90 nm to a smaller size may be replaced by a similar amount of originally larger outdoor particles that
shrink to 45 or 90 nmindoor particles. The external mixing observed for 45 and 90 nm particles may result
from diesel exhaust. On a dynamometer, 70 nm diesel exhaust particles have been shown to produce ¢
bi-modal distribution $akurai et al., 2003as well as 150 nm patrticles in a highly polluted environment
(Philippin et al., 200%

3.3. Dependence on distance from freeway

Outdoor particle size distributions of ambient and heated aerosols were also measured in Apt. 2, 40m
downwind of the freeway to evaluate changes of the volatility properties at a greater distance from the
freeway. At Apt. 2 the size distribution of aerosol at 2@shows a mostly volatile mode, which is less
distinct and broader than at Apt , 15m devnwind of the freeway. This implies that particles further
from the source may experience more mixing with background aerosol having different volatilities.

Table 1shows mode decreasady, for both apartments. The mode decreases of outdoor aerosol at
Apt. 2 seem to be similar for 18 and 27 nm aerosols and slightly lower for 45 and 90 nm aerosols when
compared to mode decreases of outdoor aerosol at Apt. 1. This observation supports the argument thai
outdoor aerosol volatility is lower at increased distance from a freeway. This trend seems to be less
pronounced at the smallest particle sizes of 18 and 27 nm.

A comparison of the values @i for the two apartments indicates insignificant (if any) particle number
losses due to heating at both apartments &6Eor 110°C there are about 20% losses of 27 nm patrticles
but no losses of 45 and 90 nm particles at Apt. 2, while at Apt. 1 27, 45, and 90 nm aerosols each lose
approximately 20% in number. Losses of 18 nm particles are difficult to compare due to greater standard
deviations. Volume losses are showrfig. 7 by means of the ratiog,, for both apartments. Results for
18 nm particles at Apt. 2 are not shown because of the large uncertainties in volume estimates due to low
particle concentrations encountered. The resufggn7show the same decreasing trend in volume-based
aerosol volatility at increasing distance from the freeway, thereby confirming the results obtained from
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Fig. 7. Comparison of fractiong, between Apt. 1 and Apt. 2 outdoor aerosols.

the mode decrease at the two apartments. Again, the decreasing volatility is more evident at the larger
particle sizes.

4. Summary and conclusions

Volatility properties of freeway ultrafine outdoor and indoor aerosols were examined by heating particles
and detecting changes in their diameters and number concentrations. Results from this study suggest tha
outdoor particles are generally more volatile than indoor aerosols, for all studied particle sizes. Although
the aerosol mode diameter broadened for both indoor and outdoor particles, increase in aerosol temperature
resulted in greater decrease of mode diameter for outdoor particles. In addition, outdoor particles lost
more of their volume upon heating than their indoor counterparts. Measurements of particle number
concentrations revealed that more of outdoor than indoor particles were lost@.JA1060°C heating
did not result in significant losses in particle number for both indoor and outdoor aerosols.

Bi-modal distributions were observed for outdoor 90 and 45nm particles heated t€ 1TBese
distributions indicate that a fraction of the aerosol consists of non-volatile particles, whereas the other
particles are mostly volatile and therefore shrink upon heating. No bi-modal distribution was observed
for 18 and 27 nm particles, suggesting that all of these particles are composed mostly of volatile material.

Increasing temperature causes particles to shrink further. For instance, when heate@tqphBticles
shrink to approximately half of their original size. A trend in the temperature dependence of the mode
decrease indicates that a fraction of heated aerosol might reach a final particle size, a non-volatile core.
Finally, outdoor sampling in a location further away from the freeway showed that aerosol volatility
decreases with increasing distance from the source. The difference in volatility, however, is small and
less evident for 18 and 27 nm particles.
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